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Abstract. The process of machining on CNC machines of parts of a 
complex profile with multi-pass shaping schemes is accompanied by 
multiple changes in the direction of movement of the working bodies 
(reverse) during cutting and at idle. In this case, the formation of 
processing errors associated with the spatial reorientation of the carriage 
during reversal is possible, the cause of which is the mismatch of the 
vector of the traction force acting along the axis of the lead screw and the 
resulting resistance forces associated with cutting forces and friction in the 
guides. Based on the analysis of the forces acting on the carriage, a design 
and mathematical model is proposed for guides with prismatic and flat 
guides. Approbation of the proposed calculation method showed a good 
level of agreement between the calculated and experimental results.The 
regularities of the influence of the cutting forces, the location of the center 
of gravity of the support group, its mass and speed after the reverse on the 
value of the spatial reorientation have been established. 

1 Introduction 
The trend in the development of modern mechanical engineering is the constant tightening 
of requirements for the accuracy of products. The release of high-precision products in 
conditions of constantly increasing requirements for productivity, concentration of 
operations and multinationality in metalworking is possible only with the widespread use of 
metal-cutting equipment with CNC. In this regard, ensuring the high accuracy of CNC 
machines at the design stage makes it possible to guarantee the parametric reliability of the 
equipment. 

The accuracy characteristics of the shaping movements of the machine are determined 
by the operation of two main subsystems: the main motion drive and the feed drives, the 
design and operation conditions of which are devoted to a significant number of modern 
studies [1-10]. 

Since CNC machines are most efficiently used when processing parts of a complex 
profile with multi-pass shaping schemes, the processing process is accompanied by 
multiple changes in the direction of movement of the working bodies (reverse) during 
cutting and at idle. 

In this case, an error of the machine is formed associated with the loss of information 
during the reverse in the kinematic chain of the feed drive and the spatial reorientation of 
the support group. In the kinematic chain, the loss of information is associated with the 
presence of gaps in the chain of feed drives and elastic deformations determined by 
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constant loads overcome by the drive. These losses form a positioning dead zone at position 
[11]. 

Much less attention is paid to the second component, due to the spatial reorientation of 
the support group during reverse [12, 13], which requires a more detailed study of this 
phenomenon and its consideration in the design. 

2 Model of the spatial reorientation of the carriage when 
reversing 
Let us consider the phenomenon of spatial reorientation of the carriage during reverse on a 
lathe with prismatic front and flat back guides lying in the horizontal plane. 

The main reason for the spatial reorientation of the lathe support group during reverse is 
the occurrence of a moment due to the mismatch of the traction force acting along the axis 
of the lead screw and the resultant resistance forces associated with cutting forces and 
friction in the guides. 

In lathes with a horizontal plane of guides and the use of combined guides (flat and 
prismatic), the effect of this moment is significantly aggravated by the spatial turn of the 
part of the support group over the prismatic guide, which leads to elastic deformations of 
the carriage. 

When compiling a design model of the spatial reorientation of the carriage during 
reverse, we will take into account the following assumptions: 

- the carriage wings (parts of the carriage above each rail) are absolutely rigid, that is, 
they are not subjected to bending; 

- we assume that for each point of the joint of the guides the same dependence of elastic 
deformations on pressure is valid as for flat joints; 

- the mass of the support will be considered concentrated at two points: above the front 
guide - 1m  and over the back - 2m ; 

- contact deformations along the short side of the guide face are considered constant. 
Consider the position of the part of the support over the prismatic guide. Taking into 

account contact processes, in the general case, this position is determined by the values of 
the clearances 1Λ ; 2Λ  and the values of the deformations 1∆ ; 2∆  (at small moments 

causing the support to skew, the case of 1Λ < 0 and 2Λ <0 is possible, that is, the absence 

of gaps) (Fig. 1). 

 

Fig. 1. Physical model of a part of the carriage above the prismatic guide with spatial reorientation. 

Since in the general case the values are 1Λ ; 2Λ ; 1∆  and 2∆  are unequal in pairs, then, 
changing its spatial position, the front part of the support group (above the prismatic guide) 
causes deformation of the carriage bridge. 
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Since in the general case the values are 1Λ ; 2Λ ; 1∆  and 2∆  are unequal in pairs, then, 
changing its spatial position, the front part of the support group (above the prismatic guide) 
causes deformation of the carriage bridge. 

Thus, the following forces and moments act on the caliper: gm1  - weight of the front 

part of the support group; gm2  - weight of the rear part of the support group; Q  - traction 

force on the lead screw; lshQl  and lsvQl  - moments from traction force acting in the XOZ 

and YOZ planes, respectively; hQ  and vQ  - elastic forces arising from the deflection of the 

lead screw in the horizontal (XOZ) and vertical (YOZ) planes, respectively; elM ′  - the 

moment of elastic forces associated with torsional deformations of the carriage bridge 
(around the OX axis); elM ′′  - the moment of elastic forces associated with bending 

deformations of the carriage bridge (in the XOZ plane); lshM  and lsvM  - moments of 

elasticity associated with the bending of the lead screw in the horizontal (XOZ) and vertical 
(XOZ) planes, respectively; frF  and flF  - frictional forces in the right and left sides of the 

front guide when moving along the OZ axis; fbF  - frictional forces in the back guide when 

moving along the OZ axis; lR  and rR  - the resulting elastic contact deformations, 

respectively, in the left and right edges of the front guide; bR  - the resulting elastic contact 

deformation of the back guide; lfF - hydrodynamic lifting force in the face of the front 

guide; lbF  - hydrodynamic lifting force in the back guide. 

Since the angle formed by the edges of the front guide is 90о, the skew of the carriage 
above the front guide can be viewed in two mutually perpendicular planes coinciding with 
the planes of the guide faces, in each of which the carriage rotates (Fig. 2). 

 

Fig. 2. Calculated model of the skew of the carriage over the prismatic guide. 

 
Composing the equilibrium equations for the front and back parts of the carriage, we 

obtain a system of equations for determining its spatial position: 
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where parameters L , 1l , ml ′ , ml ′′ , q , lshl  and lsvl  are shown in Fig. 3. 

 

Fig. 3. Parameters of the calculation model  

 
Numerical analysis of the computational model, the description of which is carried out 

by the system of equations (1), for the maximum values of the misalignments, measured 
experimentally on the machine, showed that the forces and moments of forces acting on the 
carriage when skewed differ by 1...2 orders of magnitude. In particular, the components 
associated with the elastic deformations of the lead screw, which is determined by its 
considerable length, are significantly smaller than others. 

Based on the above, the system of equations (1) will take the form: 
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where 0f  is the coefficient of static friction; V - movement speed; N - normal load; µ  - 

dynamic viscosity of the lubricant; НS - the area of the smallest of the rubbing surfaces; 

Hd - average height of microroughness; ε - the ratio of the height of microroughnesses to 

their length; 0h′  is the average value of the minimum clearance between friction surfaces at 

0=V . 

3 Experimental research  
To check the correctness of the proposed calculation model of the spatial reorientation of 
the support group during reverse, the calculation method and the assumptions made in this 
case, experimental studies were carried out on lathes mod. 16B16F3. Non-contact inductive 
sensors recorded the change in the gap between the measuring plane of the sensor and the 
ground sections of the bed at the points shown in Fig. 4. 

 

Fig. 4. The layout of the sensors when measuring the spatial reorientation of the support group during 
reverse. 

Analysis of the process of skewing of the support group after the reverse indicates that 
the main part of its reorientation in space occurs approximately 0.2 mm after the reverse 
(Fig. 5). 
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Fig. 5. Skew of the carriage at the points of installation of sensors 1 and 4. 

When the speed at which the reverse occurs, the following regularity is observed: with 
increasing speed, the lift of the front part of the carriage and the angle of its rotation around 
the axis OX, characterized by the difference between the readings of sensors 1 and 4 (Fig. 
5), decrease. Comparison of the calculated and experimental skew curves depending on the 
speed at which the reverse occurs shows good qualitative and quantitative agreement (Fig. 
6). 

 

Fig. 6. Comparison of experimental (dotted line) and theoretical dependences of the skew at the 
points of installation of sensors 1 and 4 on the speed after reverse. 

The skew value changes slightly with an increase in the mass of the support group 
without a practical shift in the center of gravity. The displacement of the center of gravity 
of the support group to the back guide leads to a redistribution of friction forces in the 
guides, and therefore increases the moment causing the skew. Evaluation of the effect of 
the cutting process on the spatial position of the support group was carried out when turning 
steel 45 for a pass through a cutter with a replaceable carbide triangular plate ( =γ 12°; =α
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without a practical shift in the center of gravity. The displacement of the center of gravity 
of the support group to the back guide leads to a redistribution of friction forces in the 
guides, and therefore increases the moment causing the skew. Evaluation of the effect of 
the cutting process on the spatial position of the support group was carried out when turning 
steel 45 for a pass through a cutter with a replaceable carbide triangular plate ( =γ 12°; =α

7°30′) at low feeds ( =S 0.1 and 0.5 mm / s) at different spindle speeds. The depth of cut 
varied within 0.5 ... 3.5 mm. The experiment was carried out according to the following 
scheme: the caliper moved in the + Z direction, then there was a reverse and movement in 
the -Z direction. Then the cutter was cut into the workpiece and its further turning. The 
distance from the reversal point to the infeed was determined from the condition that during 
this time the skew at idle speed reached almost the maximum value. In all the experiments 
carried out, when turning per pass, at the moment of cutting the cutter into the workpiece, 
an increase in the skew occurred. Moreover, with an increase in the depth of cut, no regular 
increase in skew was observed. For example, the magnitude of the increase in skew during 
plunging for points 1 and 4 (Fig. 4) at a spindle speed of 450 rpm was 1...3 and 0.3...0.5 
μm, respectively, in the entire range of cutting depths. 

4 Conclusions 
As a result of the mismatch of the vector of the resultant of the friction forces in the guides 
with the stiffness axis of the support group during the reverse movement, its spatial 
reorientation occurs, the value of which decreases with increasing speed after the reverse. 

The spatial position of the support group with a prismatic front and flat back guides 
lying in the horizontal plane, when reversed, is determined by the position of the carriage 
above the front guide. 

The displacement of the center of gravity of the support group to the back guide causes 
an increase in the skew. 

The forces acting on the carriage of a lathe during reorientation are considered, and a 
calculation and mathematical model is proposed that determine its bias during reverse. 

Experiments carried out during cutting showed an increase in skew at the moment the 
cutter plunges into the workpiece. 

Comparison of the calculated and experimental skew curves depending on the speed 
after reversing showed good qualitative and quantitative agreement. 
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